Substrate pre-patterning is an effective way to overcome large lattice mismatch and suppress threading defects in the growth of heterostructures. In this work, a new concept was proposed to form natural patterns on commercial substrates monolithically by the formation of surface cracks. Tensile strain was intentionally brought in with a GaAs or GaNAs layer above an InGaAs layer on GaAs substrates. Surface crack patterns successfully formed during the strain relaxation. The strain in a 1 µm buffer layer atop the pattern was found effectively relaxed. Detailed residual strain distribution was simulated by the finite element method. C Lattice as well as thermal expansion mismatch has always been an issue for the design and growth of semiconductor heterostructures and devices. In order to maintain pseudomorphic growth during epitaxy without strain relaxation, which will lead to generation of dislocations and surface roughness, only materials closely lattice matched to the well-established commercial substrates, such as GaAs or InP, can be selected. With the aim of breaking this limitation, metamorphic growth is one of the most studied approaches to produce a relaxed buffer layer with a different lattice constant compared with the substrate. Among many different methods of metamorphic growth, the graded buffer layer is one of the most successful ones leading to low threading dislocation (TD) density and relatively smooth surface. [1] [2] [3] [4] This gives the advantage of using large, low-cost substrates, while still making it possible to produce devices with more optimized structure. The success of the metamorphic method has resulted in commercial electronic devices, such as high-electron mobility transistors (HEMTs) on GaAs, 5, 6 and large progress of GaAs based telecom lasers to improve the temperature stability. [7] [8] [9] HEMTs are small area devices which can tolerate relative high TD density. However, for optoelectronic devices like lasers it is much more challenging, hindering the commercialization process. Several TD blocking methods were implemented to further reduce the TD density, e.g. quantum dot layers, 10 superlattices, 11 and dilute nitrides layers with lattice hardening effects. 12, 13 Further improvement of the quality of metamorphic buffer layers is desired for high performance metamorphic optoelectronic devices.
Recently, the technique of pre-patterning the substrates has shown very promising results. The patterns with limited sizes allow for the strain to relive partly through elastic deformation and the TDs generated by plastic deformation can easily glide to the edges of the patterns and terminate. High quality Ge and GaAs templates have been produced with this method on silicon substrates. 14 However, the pre-patterning process may introduce unintended contamination and increase process complexity and production costs. In this work, we propose and explore a new concept to form natural patterns on commercial substrates monolithically by the formation of surface cracks. strain is intentionally brought into buffer structures on commercial substrates and relax majorly through the formation of cracks. Random rectangle-shaped surface patterns in micrometer range are successfully created by the formation of intersected crack networks by tensile strained InGaAs and InGaNAs structures and have been shown to effectively relax the strain, examined both experimentally and by finite element method (FEM) analysis. The patterns formed in this work can work as virtual substrates for further growth of structures with lattice mismatch to the GaAs substrates. The strain will be mostly relaxed through elastic deformation leading to low threading dislocation density. The samples were grown by molecular beam epitaxy (MBE) in an EPI930 (VEECO) system. First, a linearly graded In x Ga 1−x As (x = 0.02-0.3) layer is grown on GaAs substrate at 450
• C after the de-oxide of the substrate at 580
• C measured by a thermocouple. Second, a 500 nm In 0.2 Ga 0.8 As layer is grown at 500
• C, whose lattice constant is closely matched to the in-plane lattice constant of the partially relaxed top part 15 of the graded buffer layer. Above this layer, four samples with different crack forming structures, which are summarized in Table I , are grown at 500
The surfaces morphology of the samples were characterized by atomic force microscopy (AFM). The structural properties were characterized by X-ray diffraction (XRD). The residual strain field in the samples after relaxation is simulated by FEM.
The sample A1 with 200 nm tensile strained GaAs as the crack forming layer was firstly grown and surface cracks successfully formed, as shown in Fig 1(a) . The lattice mismatch between the GaAs and the In 0.2 Ga 0.8 As layer is about 1.4%. At the same time, another sample was designed and grown with a 200 nm In 0.8 Ga 0.2 As layer grown on top of an InAs buffer layer, which has the same 1.4% lattice mismatch. It was found that the tensile strain in the In 0.8 Ga 0.2 As layer was relaxed through surface roughening, instead of forming cracks, probably due the stiffness difference between In 0.8 Ga 0.2 As and GaAs, and will not be discussed further in this paper. From Fig. 1(a) we can see that, besides the line shaped cracks, oval shaped holes are another major feature. The formation of these holes would act similarly as surface roughening in the process of strain relaxation. In a larger view of AFM scan (not shown here), the distribution of the holes and cracks is not uniform, meaning for some regions it is mostly holes while for other regions majorly cracks. The cracks extend along the (110) and the (1-10) directions forming rectangular shaped patterns. Fig. 1(e) shows a 3-dimensional (3D) view of a zoomed in region with both cross-sectional cracks and holes. It can be seen that within the rectangular area surrounded by cracks, the surface is smooth while the edges warp up a bit due to the contraction after strain relaxation.
The formation of holes is not desired for the aim of natural patterning. Nitrogen was introduced to the next sample, B1, forming a GaNAs layer with the N concentration of 3.5%. The incorporation of N not only brings in more tensile strain but also increases the stiffness. 12, 16 Almost crack only morphology without any holes is observed on the sample B1 and Fig. 1(b) shows an AFM image of one typical region. The cracks distributes uniformly in both directions forming nice surface pattern. At some of the crossing points of the cracks, hole like features can be found but much smaller than those in the sample A1. Without the influence of the holes, other features, like the cross-hatch, is revealed. The cross-hatch pattern is typical for metamorphic growth, resulted from the misfit dislocations beneath, 17 especially for the graded buffers. In the samples in this work, it is believed to come from the InGaAs graded buffer layer.
In order to see the evolution of the crack pattern with thickness another two samples A2 and B2 were grown. For A2, it is just that the thickness of the top GaAs layer is increased to 1 µm compared with A1, while for B2, it is a repeating structure of 100 nm GaAs and 100 nm GaNAs for five periods with the same total thickness as the sample A2. The situation is very different for these two samples as shown in Fig. 1(c) and 1(d) . The surface of the sample A2 becomes very rough (RMS roughness= 46 nm) with deep grooves majorly along one of the <110> directions. However, the surface of B2 looks not very different from B1 although the cross-hatch pattern is more pronounced. A region with cracks is zoomed in and shown in 3D in Fig. 1(f) . The deformation at the edges of the rectangular pattern is larger than that in the thinner sample of B1. The depth of the cracks cannot be accurately measured due to the size effect of the AFM tips. Figure 2 shows the XRD rocking curves of the four samples. Among all of them, the tallest peak is from the GaAs substrates, an In 0.2 Ga 0.8 As peak can be found at the small omega angle side (left side), and in between is a slope from the In x Ga 1−x As graded buffer layer. The layers with residual tensile strain can be seen at the right side of the GaAs substrate peak. In Fig. 2(a) , a clear peak can be found with larger omega angle (right side) than the GaAs substrate peak, which is from the tensile strained top GaAs layer, whose in-plane lattice constant is smaller than the free GaAs. The existence of this peak demonstrates that the tensile strain in the 200 nm thick GaAs layer is partially relaxed but not complete. Based on four XRD (115) rocking curves with 0 and 180 degree rotation angles to eliminate the unintentional tilting, the relaxation rate is determined to be 93.8%. Similarly, the GaNAs in sample B1 shown in Fig. 2(b) is also partially relaxed. To the contrast, the peak of the top 1 µm GaAs layer is totally absent in Fig. 2(c) . The red line marks the position if this layer is fully strained to the In 0.2 Ga 0.8 As layer. For a partially relaxed tensile-strained GaAs layer, the peaks must lie between the GaAs substrate and red line. Therefore, the peak of the top GaAs layer must have coalesced with the GaAs substrate peak. A shoulder can be found at the right side of the GaAs substrate peak, which could be from the top GaAs layer, indicating an almost 100% strain relaxation. The signal of the GaNAs layers in the crack forming region in Fig. 2(d) is also found moved to the left compared with that in Fig. 2(b) showing larger strain relaxation of the GaNAs layer in the sample B2 than that in B1. FEM analyses were carried out to simulate the strain field of the patterns formed by cracks. No strain relaxation through the formation of dislocations is assumed. A 1 µm × 1 µm × 100 nm GaAs plate on an In 0.2 Ga 0.8 As layer is built as a simplified model of the pattern on the sample A1. After relaxation, some of the strain components are shown in Fig. 3(a)-3(d). (a) is a 3D view of the ε xx strain component at the surface of the rectangular pattern after strain relaxation. The deformation is also illustrated with a 14 times exaggeration. The simulated shape of the pattern meet well with the warping up shape in Fig. 1(e) and 1(f) . Fig. 3(b) is an x-z plane slice of Fig. 3(a) from the center. From both Fig. 1(a) and 1(b) it can be found that the tensile strain at the four top corners relaxes most, which is in consistence with the fact that it also deforms most at the top corners. The center is mostly strained. The more inside the pattern, the less the strain is relaxed. Compressive strain is brought into the In 0.2 Ga 0.8 As layer beneath the pattern, while around the corners tensile strain also appear in the In 0.2 Ga 0.8 As layer. It is shown in Fig. 3 ) is an x-z plane slice of (e) from the center. The distribution of ε xx is similar to that in (a) and (b) but fades to zero towards the top. It is shown that when the thickness reaches about 300 nm the tensile strain on the top can be almost fully relaxed purely through elastic deformation. This result is consistent with the XRD result shown in Fig. 2(c) .
Comparing the sample A1 and A2, nice cracks form when the top GaAs layer is 200 nm thick, while the morphology changes dramatically when it is 1 µm thick, as shown in Fig. 1(a) and 1(c) . The origin of the grooves on sample A2 is not clear. It seems at least partly still related to the cracks beneath. Equivalently, the groove shape increases the surface area and relax the strain through roughening. During the epitaxy process between 200 nm and 1 µm thick, the tensile strain builds up more and more and finally the roughening mechanism seems to have won the competition with formation of cracks. For the sample B2, even more total tensile strain was accumulated but the surface morphology remain similar to the sample B1. We assume that the stiffness factor plays a dominant role. The GaNAs layers is harder than GaAs and can favor crack formation over surface roughening.
The ultimate aim to produce the surface pattern is to create devices/structures above the pattern with different lattice constants compared with the GaAs substrate and maintain low strain and low threading defects at the same time. From this work, the introduction of N significantly improve the morphology of the patterns formed by cracks. For the future work, layers with different lattice constants, e.g. InGaAs layers with large In composition, can be grown based on the structure of sample B2. Although lattice mismatch still exists between this layer and the GaAs/GaNAs pattern below, the finite size of the pattern will allow the strain to be relaxed majorly through elastic deformation 18 and maintain high structural quality.
We have proposed and implemented the method of naturally forming surface patterns monolithically on GaAs substrates by the formation of cracks in tensile strained layers. With the help of N, the tensile strain relaxes purely by cracks instead of hole formation or surface roughening. The residual strain in the patterns is characterized experimentally and theoretically. For the samples with 1µm thick crack forming layers, the strain is found efficiently relaxed. The pattern created in this work can serve as templates to grow future structures, whose lattice constants are different compared with that of the commercial substrates, with low strain relaxation and few threading defects. Moreover, all the steps of this method is done in one growth run without pre-preparation nor re-growth and therefore is a convenient, clean and cost effectively approach.
